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Recently there has been a surge of interest in regularizing, a D → 4 limit of, the Einstein-Gauss-
Bonnet (EGB) gravity, and the resulting regularized 4D EGB gravity has nontrivial dynamics. The
theory admits spherically symmetric black holes generalizing the Schwarzschild black holes. We
consider the rotating black hole in regularized 4D EGB gravity and discuss their horizon properties
and shadow cast. The effects of the GB coupling parameter on the shape and size of shadows are
investigated in the context of recent M87* observations from the EHT. Interestingly, for a given spin
parameter, the apparent size of the shadow decreases and gets more distorted due to the GB coupling
parameter. We find that within the finite parameter space, e.g. for a = 0.1M , α ≤ 0.00394M2 , and
within the current observational uncertainties, the rotating black holes of the 4D EGB gravity are
consistent with the inferred features of M87* black hole shadow.
PACS numbers:
I. INTRODUCTION
The uniqueness of the Einstein’s field equations is based on the Lovelock’s theorem [1], which ensures that for a
theory of gravity with i) four-dimensional spacetime, ii) metricity, iii) diffeomorphism invariance, and iv) second-
order equations of motion, Einstein’s tensor along with a cosmological constant term is the only divergence-free
symmetric rank-2 tensor constructed solely from the metric tensor gµν and its derivatives up to second differential
order. However, in higher-dimensions (HD) spacetimes D > 4, the Einstein-Hilbert action is not unique, and one
particularly interesting example in the HD is the Einstein-Gauss-Bonnet (EGB) gravity, which is motivated by the
heterotic string theory [2, 3]. Lanczos [2] and Lovelock [3], in their pioneering works, showed that the gravitational
action of EGB gravity admits quadratic corrections constructed from the curvature tensors invariants with action
given by
SEGB =
1
16piGD
∫
dDx
√−g(LEH + αLGB), (1)
with
LEH = R, LGB = RµνρσRµνρσ − 4RµνRµν +R2, (2)
where g is the determinant of gµν , and α is the Gauss-Bonnet (GB) coupling constant identified as the inverse string
tension and positive-definite. Varying the action (1) with metric tensor gµν , yields the equations of gravitational field
as follows [2]
Gµν + αHµν = Tµν , (3)
where
Gµν = Rµν − 1
2
Rgµν ,
Hµν = 2
(
RRµν − 2RµσRσν − 2RµσνρRσρ −RµσρδRσρδν
)
−1
2
LGBgµν , (4)
and Tµν is the energy-momentum tensor for the matter fields. The EGB gravity has been widely studied, because it
can be obtained in the low energy limit of string theory [4] and also leads to the ghost-free nontrivial gravitational
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2self-interactions [5]. In the EGB theories, one can explore several conceptual issues of gravity in a much broader setup
than in general relativity and they are also shown to be free from instabilities when expanding about flat spacetime
[6, 7]. The spherically symmetric static black hole solution for the EGB theory was first obtained by Boulware and
Deser [7], later several interesting black hole solutions are obtained [8–10] for various sources including the regular
ones [11].
For a D-dimensional spacetime with D < 5, the GB Lagrangian LGB is a total derivative and does not contribute
to the gravitational dynamics. However, Tomozawa [12] showed that, at quantum level, a consistent regularization
procedure leads to the non-trivial contribution of the GB term to the 4D static spherically symmetric black hole
spacetime, as follows
ds2 = −f(r)dt2 + 1
f(r)
dr2 + r2(dθ2 + sin2 θ dφ2), (5)
with
f(r) = 1 +
r2
32piαG
[
1±
√
1 +
128piαM
r3
]
. (6)
Here, M is the black hole mass and G is the Newton’s gravitational constant which is hereafter set to be unity. Later,
Cognolo et al. [13] formalized regularization procedure for EGB gravity theory by making a ”entropic” dimensional
reduction to D → 4 within the classical Lagrangian formulation.
However, recently, Glavan and Lin [14] proposed that re-scaling the GB coupling parameter as α → α/(D − 4)
and defining the 4D theory as the limit of D → 4 at the level of field’s equation, the GB term makes a nontrivial
contribution to dynamics. It has also been shown that the theory contains the degrees of freedom only of massless
graviton as in GR and thus free from the ghosts [14]. Hence, the 4D EGB gravity theory already attracted much
attentions and being extensively studied [15–24]. Moreover, the Glavan and Lin proposal [14] has been extended
to four-dimensional regularization of Lovelock-Lanczos gravity up to an arbitrary curvature order [25, 26]. For the
spherically symmetric black hole solution (6), we consider α > 0, because for the negative values of α eq. (5) is not a
valid solution at small distances [13, 14]. At large distances eq. (6) has two distinct branches
f(r)− = 1− 2M
r
, f(r)+ = 1 +
2M
r
+
r2
16piα
, (7)
however, we will be focusing only on the negative branch that asymptotically goes over to the Schwarzschild black
hole with correct mass sign. Whereas at small distances, the metric function (6) for the negative branch reduces to
f(r) = 1 +
r2
32piα
−
√
M
8piα
r1/2, (8)
which infers that the gravitational force is repulsive at small distances thereby, unlike in general relativity, an infalling
particle never reaches the singularity [14].
However, several questions are raised [27–32] on the regularization procedure in [13, 14] and also proposed alternate
ways of regularization for D → 4 [27, 33, 34]. In particular, using the Kaluza-Klein dimensional reduction procedure
[35], the D → 4 limit of regularized EGB gravity is effectively described as a particular subclass of scalar-tensor
theories within the Horndeski family [33, 34]. Interestingly, the metric (5) with (6) emerges as a solution of the
4D regularized theories [26, 27, 33]. Furthermore, the semi-classical Einstein equations with conformal anomaly
proportional to Euler density LGB [36] and the 4D non-relativistic Horava-Lifshitz theory of gravity [37] also admit
the identical black hole solution as in eq. (5) with (6).
With this motivation, it is natural and appropriate to consider the rotating counterpart of static spherically sym-
metric black hole metric (5), namely, the rotating 4D EGB black hole, and discuss the horizons geometry and shadow
cast by rotating black holes. Null geodesics equations of motions are obtained in the first-order differential form and
the analytical expressions for the photon region are determined. Effects of the GB coupling parameter on the black
hole shadow morphology is investigated, and it is found that rotating black holes in the regularized EGB gravity cast
smaller and much distorted shadows than those for the Kerr black holes. Shadow observables A and D are used to
characterize the size and shape of the shadows, and in turn to uniquely determine the black hole parameters. The
M87* black hole shadow results, inferred from the recent Event Horizon Telescope (EHT) collaborations observations,
are further used to constrain the GB coupling parameter.
This paper is organized as follows. In the section II, we derive the rotating EGB black holes and in turn discuss
their horizon structure. Photons geodesics equations of motion and effects of the GB coupling parameter on the
black hole shadow are subjects of section III. Finally, we summarize our main findings in section IV.
3II. ROTATING BLACK HOLES
The Newman−Janis algorithm has been widely used to construct rotating black hole solutions from their non-
rotating counterparts [38]. While this algorithm was developed within general relativity, it has been more recently
applied to non-rotating solutions in modified gravity theories, namely, some references [39–43]. It is true that exer-
cising the Newman−Janis algorithm to an arbitrary non-general relativity spherically symmetric solution introduces
pathologies in the resulting axially-symmetric metric [44]. More precisely in the general relativity case a source, if it
exists, is the same for both a non-rotating black hole and its rotating counterpart, e.g., vacuum for both Schwarzschild
and Kerr black holes, and charge for Reissner−Nordstrom and Kerr−Newman black holes. But, in cases of the modi-
fied gravity rotating black hole counterparts, obtained using Newman−Janis algorithm, in addition to original sources
likely have additional sources. We derived the rotating EGB black hole metric, using the Newman−Janis algorithm
modified by Azreg-Aı¨nou’s non-complexification procedure[45, 46], which has been successfully applied for generating
imperfect fluid rotating solutions in the Boyer−Lindquist coordinates from spherically symmetric static solutions,
and can also generate generic rotating regular black hole solutions. The resulting stationary and axially symmetric
(rotating) EGB black hole metric, in Boyer-Lindquist coordinates, reads
ds2 = −
(
∆− a2 sin2 θ
Σ
)
dt2 +
Σ
∆
dr2 − 2a sin2 θ
(
1− ∆− a
2 sin2 θ
Σ
)
dt dφ
+Σ dθ2 + sin2 θ
[
Σ+ a2 sin2 θ
(
2− ∆− a
2 sin2 θ
Σ
)]
dφ2, (9)
with
∆ = r2 + a2 +
r4
32piα
[
1−
√
1 +
128piαM
r3
]
, Σ = r2 + a2 cos2 θ, (10)
and a is the spin parameter. It may be true for our solution (9) that it may not satisfy field equations and it is
valid also for other rotating solution generated in modified gravity [39–43], and they likely to generate extra stresses.
Therefore, we regard our rotating metric eq. (9) as a regularized EGB gravity black hole metric of an appropriately
chosen set of field equations which are unknown but different from the EGB equations (3). Further, in the limit
a = 0, the metric (9) reduces to the spherically symmetric metric (5) [14]. Nevertheless, the rotating black hole metric
(9) also corresponds to the varieties of gravity theories which admit the static black hole metric identical to eq. (5)
[12–14, 25–27, 36, 37]. Moreover, we shall demonstrate that our metric (9) for the 4D regularized EGB gravity can
describe rotating black holes up to the maximum value of the spin a, has rich structure, and the rotating black holes
are consistent with the inferred features of M87* black hole shadow results of the EHT. The metric eq. (9), in the
limit α → 0 or large r, goes over to the Kerr black holes [47] and also to the the spherical symmetric solution (5).
The rotating black hole (9), like the Kerr black hole, possesses two linearly independent Killing vectors ηµ(t) and η
µ
(φ),
respectively, associated with the isometries along the time translation and rotational invariance.
Next, we investigate the nature of the metric (9) to show that its properties are similar to the ones of the Kerr
black hole. In particular, we compute the horizon-like surfaces with the aim to discuss the effect of the GB coupling
parameter α on the structure of such surfaces. The horizons of rotating EGB black hole can be identified as the zeros
of
gµν∂µr∂νr = g
rr = ∆ = 0, (11)
which is also the coordinate singularity of the metric (9). Numerical analysis reveals that depending on the values of
M,a and α, eq. (11) can have maximum two distinct real positive roots or degenerate roots, or no-real positive roots,
which respectively, correspond to the nonextremal black holes, extremal black holes, and no-black holes configurations
for metric (9). The existence condition of the horizons gives a bound on the black hole parameters a and α. In figure (1),
the parameter space (a, α) is shown, for the parameters values within the gray region, metric (9) admits two distinct
roots, whereas for those outside no horizons exist and metric (9) corresponds to the no-black hole spacetime. For
the values of the parameters lying on the black solid line, metric (9) admits degenerate roots and called the extremal
black hole. The two real positive roots of eq. (11) are identified as the inner Cauchy horizon (r−) and the outer event
horizon (r+) radii, such that r− ≤ r+ (cf. figure 2). For the non-rotating black hole (a = 0), eq. (11) admits solutions
r± =M ±
√
M2 − 16piα. (12)
The behavior of the horizon radii r± with varying spin parameter a and GB coupling parameter α is shown in
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FIG. 1: The parameter space (a, α) for the existence of the black hole horizons.
figure 2. For a fixed value of a, the event horizon radius r+ decreases, while the Cauchy horizon radius r− increases
with increasing α. However, for a given value of a, there exist an extremal value of α, i.e., α = αE , for which both
horizons coincide r− = r+, such that for α < αE , horizon radii are r− 6=< r+ (cf. figure (2)). Further, the presence of
the GB coupling reduces the horizon size, as for the fixed values of M and a, the event horizon radii for the rotating
EGB black holes are smaller as compared to that for the Kerr black hole (cf. figure 2). The stationary observers,
having zero angular momentum with respect to the distant observer at spatial infinity, outside the event horizon of
the rotating black hole spacetime, can rotate along with the black hole rotation due to the frame-dragging effect [48].
The angular velocity ω of the rotation reads
ω =
dφ
dt
= − gtφ
gφφ
=
a(r2 + a2 −∆)[
(r2 + a2)2 −∆a2 sin2 θ] , (13)
ω monotonically increase with decreasing r and eventually takes the maximum value at r = r+, and reads as
Ω = ω|r=r+ =
a
(r2+ + a
2)
=
32piαa
r4+
(
−1 +
(
1 + 128piαM
r3
+
)1/2) , (14)
which can be identified as the black hole angular velocity Ω. Though stationary observers can exist outside the event
horizons, static observers, following the worldlines of timelike Killing vector ηµ(t), can exist only outside the static limit
surface (SLS) defined by ηµ(t)ηµ(t) = gtt = 0 [48]. The radii of SLS are determined by the zeros of
r2 + a2 cos2 θ +
r4
32piα
(
1−
(
1 +
128piαM
r3
)1/2)
= 0, (15)
which apart from black hole parameters also depends on θ and coincides with the event horizon only at the poles.
Equation (15) is solved numerically and the two real positive roots, corresponding to the two SLS, are shown with
varying a and α in figure 3. The radii of the outer SLS decreases with individually increasing α and a. For a fixed
value of a, there exist a particular value of α for which the two SLS get coincide. However, these extremal values of
α for θ 6= pi/2 are different from those for the degenerate horizons. For fixed values of M and a, the SLS radii for the
rotating EGB black holes are smaller as compared to the Kerr black hole values. The region between the SLS and
the event horizon is termed as the ergoregion. It has been shown that it is possible, at least theoretically via Penrose
process [49], to extract energy from the ergosphere of the black hole as the region that lies outside of a black hole.
In figure 4, we plotted the ergoregion of rotating EGB black holes, and it is evident that the size increase with α. It
will be interesting to see how the GB parameter α makes an impact on energy extraction. The surface gravity of the
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FIG. 2: The behavior of horizons with varying black hole parameters a and α. Black solid line corresponds to the extremal
black hole with degenerate horizons.
rotating EGB black hole takes the following form
κ =
∆′(r)
2(r2 + a2)
∣∣∣∣
r=r+
,
=
1
2(r2+ + a
2)

2r+ + r3+8piα − 10M +
r3+
8piα√(
1 + 128Mpiα
r3
+
)

 (16)
which in the limit of α→ 0, reduces to
κ =
r+ −M
r2+ + a
2
, (17)
and that corresponds to the Kerr black hole surface gravity [50].
III. BLACK HOLE SHADOW
The null geodesics describing the photon orbits around the black hole are especially interesting because of their
observational importance in probing the gravitational impact of the black holes on the surrounding radiation. Photons
originating from the light source behind the black hole arrive in the vicinity of the event horizon, and a part of it
falls inside the horizon while another part scattered away to infinity. This along with the strong gravitational lensing
results in the optical appearance of the black hole, namely, the black hole shadow encircled by the bright photon
ring [51–54]. The study of black hole shadow was led by the seminal work by Synge [51] and Luminet [52], who
gave the formula to calculate the angular radius of the photon captured region around the Schwarzschild black hole
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FIG. 3: The behavior of SLS with varying parameters a, α, and θ = pi/4. The Black solid curve in each plot corresponds to the
degenerate SLS.
by identifying the diverging light deflection angle. Later, Bardeen [53] in his pioneering work studied the shadow of
the Kerr black hole in a luminous background and shown that the spin would cause the shape of shadows distorted.
The photon ring, encompassing the black hole shadow, explicitly depends on the spacetime geometry and thus its
shape and size is a potential tool to determine the black hole parameters and to reveal the valuable information
regarding the near-horizon field features of gravity. Over the past decades, a flurry of activities in the analytical
investigations, observational studies and numerical simulation of shadows for large varieties of black holes have been
reported [55, 56]. Black hole shadows have also been investigated in the context of black hole parameter estimations
and in testing theories of gravity [57, 58].
We use the Hamilton Jacobi equation and Carter’s separable method [59] to determine the geodesics motion in the
rotating black hole spacetime (9). The four integrals of motions, namely, the particle rest mass m0, energy E , axial
angular momentum L and the Carter constant K related to the latitudinal motion of the test particle, completely
describe the geodesics equations of motion in the first-order differential form [48, 59]
Σ
dt
dτ
=
r2 + a2
∆
(E(r2 + a2)− aL)− a(aE sin2 θ − L), (18)
Σ
dr
dτ
= ±
√
R(r), (19)
Σ
dθ
dτ
= ±
√
Θ(θ), (20)
Σ
dφ
dτ
=
a
∆
(E(r2 + a2)− aL)− (aE − L
sin2 θ
)
, (21)
where τ is the affine parameter along the geodesics and
R(r) = ((r2 + a2)E − aL)2 −∆((aE − L)2 +K), (22)
Θ(θ) = K −
( L2
sin2 θ
− a2E2
)
cos2 θ. (23)
7FIG. 4: The cross-section of event horizon (outer blue line), SLS (outer red line) and ergoregion (region between event horizon
and SLS) for different values of parameters a and α.
The separable constant K is related to the Carter’s constant of motion Q = K + (aE − L)2 [48, 59]. Let define the
two dimensionless impact parameters,
η ≡ K/E2, ξ ≡ L/E , (24)
which parameterize the null geodesics. Unstable photon orbits, at constant Boyer-Lindquist coordinate rp, are deter-
mined by the vanishing radial potential and its radial derivative
R|(r=rp) =
∂R
∂r
∣∣∣∣
(r=rp)
= 0 and
∂2R
∂r2
∣∣∣∣
(r=rp)
> 0. (25)
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Solving eq. (25) yields the pair of critical values of impact parameters (ηc, ξc) for the unstable photon orbits
ηc =
r2p
(
− 16∆(rp)2 − r2p∆′(rp)2 + 8∆(rp)
(
2a2 + rp∆
′(rp)
))
a2∆′(rp)2
,
ξc =
(
r2p + a
2
)
∆′(rp)− 4rp∆(rp)
a∆′(rp)
, (26)
which effectively separate the captured orbits from the scattered one. Planer circular orbits are possible only at the
equatorial plane (θ = pi/2) for ηc = 0, whereas, generic spherical photon orbits exist for ηc > 0. The radii r
±
p of
co-rotating and counter-rotating circular orbits can be identified as the real positive zeros of ηc = 0. These spherical
photons orbits construct the photon regions, which are determined by Eqs. (23) and (26), and given by (Θ(θ) ≥ 0)
(4rp∆(rp)−∆′(rp)Σ)2 ≤ 16a2r2p∆(rp) sin2 θ, (27)
the gravitationally lensed image of this photon region corresponds to the black hole shadow (cf. figure 5). Figure
5 infers that the photon region size increases with the GB coupling parameter α. Indeed rotating black holes have
two distinct photon regions, one inside the Cauchy horizon and another outside the event horizon [60]. Black hole
image observations morphology relies on photons that can reach the observer, therefore, we look only for the unstable
photons orbits lying outside the event horizon, i.e., rp > r+. We consider an observer residing far away from the
black hole (ro, θo) so that the observer’s neighborhood can be taken as asymptotically flat. The observer can pick a
Cartesian coordinate system centered at the black hole, such that the projection of the spherical photon orbits on
the celestial plane delineates a closed curve parameterized by the celestial coordinates (X,Y ). Back tracing a photon
trajectory from the observer’s position to the celestial plane marks a point on the image plane, described as follow
[53, 54]
X = −ro p
(φ)
p(t)
= lim
ro→∞
(
−r2o sin θo
dφ
dr
)
Y = ro
p(θ)
p(t)
= lim
ro→∞
(
r2o
dθ
dr
)
, (28)
where p(µ) are the tetrad components of the photon four-momentum with respect to a locally nonrotating reference
frame. Equation (28) can be further simplified in terms of impact parameters as follow [53, 54]
X = −ξc csc θo θo=pi/2−−−−−→ −ξc,
Y = ±
√
ηc + a2 cos2 θo − ξ2c cot2 θo
θo=pi/2−−−−−→ ±√ηc. (29)
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The parametric curve Y vs X delineates the rotating EGB black hole shadow.
For the non-rotating case, eq. (29) yield
X2 + Y 2 = 2rP
(
rp +
4∆(rp)(2rp −∆′(rp))
∆′(rp)2
)∣∣∣∣
a=0
, (30)
which shows that the static spherically symmetric EGB black hole cast a perfectly circular shadow (cf. figure 6). The
size of the shadow decreases with increasing α, such that the non-rotating EGB black holes shadows are smaller than
the Schwarzschild black hole shadow as shown in figure 6. Rotating EGB black hole shadows with varying a and α
are shown in figure 7, which clearly infer that the presence of the GB coupling parameter has a profound influence
on the apparent shape and size of the shadow. For non-zero values of a, the rotating black holes shadows are not
perfect circles. The size and the amount of deviation from the circularity are measurable quantities and therefore,
we introduce the shadow observables, namely, shadow area A and oblateness D, for the characterization of shadows
[57, 61]
A = 2
∫
Y (rp)dX(rp) = 2
∫ r+
p
r−p
(
Y (rp)
dX(rp)
drp
)
drp, (31)
D =
Xr −Xl
Yt − Yb , (32)
where subscripts r, l, t and b, respectively, stand for the right, left, top and bottom of the shadow boundary. Observ-
ables A and D, respectively, characterize the shadow size and shape; for a perfectly circular shadow D = 1. Figure 8
shows the behavior of the shadow observables A and D with varying a for different values of α. It is evident that the
shadows of the rotating EGB black holes are smaller and more distorted as compared to the Kerr black hole shadow as
depicted by the black solid curves in figure 8. The shadow size decrease and the oblateness increases with increasing
a. In figure 9, the variation of the A and D with α is shown for various values of a. The shadow size monotonically
decreases with α. For the estimation of the rotating EGB black hole parameters, we plotted A and D as functions of
a and α in figure 10. Each curve corresponds to constant values of either A or D. The point of intersection of the A
and D curves gives the unique values of the black hole parameters a and α. In Table I, we summarize the extracted
values of EGB black hole parameters from the known shadow observables. Hence, from figure 10 and Table I, it is
clear that for a given set of 4D EGB black hole shadow observables, A and D, we can determine information about
black hole spin and GB coupling parameter. We can parameterize the shadow boundary also by the radial and
angular coordinates (R(ϕ), ϕ) in a polar coordinate system with the origin at the shadow center (XC , YC). Figure (7)
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Shadow Observables Black Hole Parameters
A/M2 D a/M α/M2
82.0 0.997153 0.19 0.003974
82.0 0.983341 0.471 0.002288
81.8517 0.99058 0.346 0.0034
78.0 0.92429 0.81005 0.0022
76.92 0.89092 0.910 0.0011
75.0 0.99342 0.18396 0.0131
72.0 0.972212 0.29955 0.0150
70.0 0.99802 0.070 0.019
69.8686 0.9959 0.099 0.01899
TABLE I: Estimated values of rotating EGB black hole parameters a and α from known shadow observables A and D.
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FIG. 9: The shadow area A and oblateness observables D vs α for the rotating EGB black holes, (dotted Magenta curve) for
a = 0.0M , (dotted Green curve) for a = 0.1M , (dashed Blue curve) for a = 0.3M , (long-dashed Brown curve) for a = 0.6M ,
and (solid Black curve) for a = 0.8M .
infers that the black hole shadow is symmetric under reflection around Y = 0. However, it is not symmetric under
reflections around the X axis and is shifted from X = 0. This ensure that the XC = (Xr −Xl)/2, and YC = 0. A
point on the shadow boundary has a radial distance R(ϕ) from the shadow center and subtends an angle ϕ on the X
axis at the geometric center (XC , 0), which reads as
R(ϕ) =
√
(X −XC)2 + (Y − YC)2, ϕ ≡ tan−1
(
Y
X −XC
)
.
The shadow average radius R¯ is defined as [62]
R¯ =
1
2pi
∫ 2pi
0
R(ϕ)dϕ, (33)
We describe the circularity deviation ∆C as a measures of the root-mean-square deviation of R(ϕ) from the shadow
average radius [62, 63]
∆C = 2
√
1
2pi
∫ 2pi
0
(
R(ϕ)− R¯)2 dϕ, (34)
∆C quantifies the shadow deviation from a perfect circle, such that for a spherically symmetric black hole circular
shadow, ∆C = 0. We can use our numerical results to compare the latest observation of the black hole shadow
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FIG. 11: Circularity deviation observable ∆C (left panel) and the angular diameter θd (right panel) as a function of (a, α) for
the rotating EGB black holes. Black solid lines correspond to the M87* black hole shadow bounds, namely ∆C = 0.10 and
θd = 39µas within the 1σ region, such that the region above the black line is excluded by the EHT bounds.
of M87*. The EHT Collaboration [64] using the very large baseline interferometry technique has observed the
shadow of M87* black hole residing at the center of nearby galaxy M87 [65, 66]. Their measurement of the M87*
black hole mass (M = (6.5 ± 0.7) × 109M⊙) is consistent with the prior mass measurement using stellar dynamics
(M = (6.2±0.8)×109M⊙) but inconsistent with the gas dynamics measurement (M = (3.2±0.6)×109M⊙). Though
the observed shadow is found to be consistent with the general relativistic magnetohydrodynamics simulated images of
the Kerr black hole as predicted by the general relativity, various Kerr modified black hole models in general relativity
as well in modified gravities could not be completely ruled out currently [67]. The measured circularity deviation,
∆C ≤ 0.10, for the M87* black hole shadow can be used to constrain the GB coupling parameter. ∆C is calculated
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for the rotating EGB black hole metric eq. (9) and plotted as a function of (a, α) in Fig 11. The EHT bound for
the M87* black hole shadow, shown as the black solid line, is used to constrain the a and α. It is clear that the ∆C
merely puts a constrain on the EGB parameter α.
Further, a far distant observer, at a distance d from the black hole, measures the angular diameter θd for the black
hole shadow
θd = 2
Rs
d
, Rs =
√
A/pi, (35)
The inferred angular diameter for the M87* black hole shadow is θd = 42 ± 3µas [65]. We calculated the angular
diameter for the rotating EGB black hole shadow for M = (6.5± 0.7)× 109M⊙, and d = 16.8Mpc, and plotted as a
function of a and α, the region enclosed by the black solid line, θd = 39µas, falls within the 1σ region of the M87*
shadow angular diameter. For the given mass and distance, the Schwarzschild black hole cast the biggest shadow with
angular diameter θd = 39.6192µas.
IV. CONCLUSION
The EGB gravity theory has a number of additional nice properties than Einstein’s general relativity that are not
enjoyed by other higher-curvature theories. The GB action is topological in 4D and hence does not contribute to
gravitational dynamics in 4D. However, using a consistent dimensional regularization procedure one can get the
non-trivial contribution of the GB term to the 4D gravitational field equations. Furthermore, the 4D regularized
EGB gravity theories admit spherically symmetric black holes (5) and depending on critical mass it has two horizons
[13, 14]. In this paper, we have considered the rotating black hole in the regularized 4D EGB gravity, which has an
additional GB parameter α than the Kerr black hole, and it produces deviation from Kerr geometry but with a richer
configuration of the event horizon and SLS. The rotating EGB black holes allow studying the effect of higher curvature
on the Kerr black holes. It is found that the GB coupling parameter α makes a profound influence on the structure
of the horizon by reducing its radius. For a fixed value of black hole spin a, there always exists an extremal value of
α = αE , for which black hole has degenerate horizons i.e., r− = r+ = rE , black hole with two distinct horizons for
α < αE , and no horizon for α > αE . Similarly, for a given value of α, one can obtain the extremal value of a = aE
for which r− = r+ = rE . The radii of horizons significantly decrease with increasing α and the ergosphere area is also
affected, thereby can have interesting consequences on the astrophysical Penrose process.
This persuade us to reconsider the shadow cast by the rotating EGB black holes by discussing the photons geodesics
equations of motion, which are analytically solved in the first-order differential form. Observables, namely area A and
oblateness D, are used to characterize the size and shape of the shadows. It is noticed that the rotating EGB black
holes cast smaller and more distorted shadows than those for the Kerr black holes. The shadow size further decreases
and the distortion increases with the increasing α. It is shown that for a given set of shadow observables, namely,
area A and oblateness D, we can explicitly determine the black hole parameters (a, α). Shadow observational results
for the M87* black hole are used to place constraints on the GB parameter in the supermassive black hole context.
We modeled the M87* black hole as the rotating EGB black hole and used the inferred shadow angular diameter and
the circularity deviation observables to determine the bound on α. We have shown that within a finite parameter
space, e.g. for a = 0.1M , the rotating EGB black hole α ≤ 0.00394M2 is consistent with the M87* shadow results.
Further, the static and spherically symmetric black hole solution of regularized 4D EGB gravity is identical as those
found in semi-classical Einstein’s equations with conformal anomaly [36], gravity theory with quantum corrections [13],
the regularized Lovelock gravity [26], and the scalar-tensor Horndeski gravity theory [33]. Therefore, the presented
study of rotating black hole is also valid for these gravity black holes.
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Appendix A: Rotating 4D EGB black hole
Here, we discuss the Azreg-Ainou [45] non-complexification procedure of modified Newman-Janis algorithm for
constructing stationary spacetimes from the static seed metric (5)
ds2 = −f(r)dt2 + dr
2
f(r)
+ r2
(
dθ2 + sin2 θdφ2
)
. (A1)
To write down the above metric in the advance null (Eddington-Finkelstein) coordinates (u, r, θ, φ), we define the
transformation
du = dt− dr
f(r)
, (A2)
the static metric in the advance null coordinate becomes
ds2 = −f(r)du2 − 2dudr + r2 (dθ2 + sin2 θdφ2) . (A3)
We introduce the set of null tetrad Zµα = (l
µ, nµ,mµ, m¯µ), such that the inverse metric gµν is defined as
gµν = −lµnν − lνnµ +mµm¯ν +mνm¯µ, (A4)
with
lµ = δµr , n
µ = δµu −
f(r)
2
δµr , m
µ =
1√
2r
(
δµθ +
i
sin θ
δµφ
)
. (A5)
and m¯µ is the complex conjugate of mµ. Tetrad vectors satisfy the following relations
lµl
µ = nµn
µ = mµm
µ = lµm
µ = nµm
µ = 0, (A6)
lµn
µ = −mµm¯µ = −1. (A7)
Next we perform the complex coordinate transformation in which δµν transform as [45]
δµr → δµr , δµu → δµu , δµθ → δµr + ia sin θ(δµu − δµr ), δµφ → δµφ . (A8)
Here, a is the black hole spin parameter. In the modified Newman-Janis algorithm [45], the ambiguous complexification
of radial coordinate is dropped, rather it is considered that the function f(r) transform to F = F (r, a, θ), and
r2 → H(r, a, θ). Following procedure given in Ref. [45], the transformed null tetrads read as
l′µ = δµr , n
′µ = δµu −
F (r, a, θ)
2
δµr , m
′µ =
1√
2H(r, a, θ)
(
ia sin θ(δµu − δµr ) + δµθ +
i
sin θ
δµφ
)
. (A9)
Using eq. (A9) in definition (A4), the new inverse metric reads as
gµν = −l′µn′ν − l′νn′µ +m′µm¯′ν +m′νm¯′µ, (A10)
which gives the rotating black hole metric in the Eddington-Finkelstein coordinates as follow
ds2 = −F (r, a, θ)du2 − 2dudr + 2a sin2 θ (F (r, a, θ)− 1)dudφ+ 2a sin2 θdrdφ +H(r, a, θ)dθ2
+sin2 θ
[
H(r, a, θ) + a2 sin2 θ (2− F (r, a, θ))] dφ2. (A11)
The final but important step is to bring the metric (A11) to Boyer-Lindquist coordinates by a global coordinate
transformation. Therefore, we choose
du = dt′ + λ(r)dr, dφ = dφ′ + χ(r)dr, (A12)
such that λ(r) and χ(r) are sole functions of r only. We choose [45]
λ(r) = − r
2 + a2
f(r)r2 + a2
, χ(r) = − a
f(r)r2 + a2
. (A13)
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Setting the coefficient of cross-term dtdr in the metric to zero, we obtain
F (r, a, θ) =
f(r)r2 + a2 cos2 θ
H(r, a, θ)2
, (A14)
and for the vanishing Einstein tensor component, Grθ = 0, we choose H(r, a, cos θ) = r
2 + a2 cos2 θ. Finally, the
rotating black hole metric reads as
ds2 = −
(
∆− a2 sin2 θ
Σ
)
dt2 +
Σ
∆
dr2 − 2a sin2 θ
(
1− ∆− a
2 sin2 θ
Σ
)
dt dφ+Σ dθ2
+ sin2 θ
[
Σ + a2 sin2 θ
(
2− ∆− a
2 sin2 θ
Σ
)]
dφ2, (A15)
with
∆ = a2 + r2f(r), Σ = r2 + a2 cos2 θ. (A16)
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